Abstract. Exposure to high glucose may cause glucotoxicity, leading to pancreatic β cell dysfunction including cell apoptosis, impaired glucose-stimulated insulin secretion (GSIS) and intracellular lipid accumulation. Sterol regulatory element binding protein-1c (SREBP-1c), a key nuclear transcription factor that regulates lipid metabolism, has been proven to play a role in insulin secretion. Insulin induced gene-1 (Insig-1) is an upstream regulatory factor of SREBP-1c. The overexpression of Insig-1 significantly inhibits SREBP-1c expression and thereby blocks the expression of downstream genes. It has been proven that silibinin, a natural flavanone, is involved in a variety of biological functions. In the present study, we examined whether silibinin protects high glucose-induced β cell dysfunction through the Insig-1/SREBP-1c pathway. Our data demonstrated that 30.0 µM of silibinin significantly improved cell viability (P<0.05) after rat insulinoma INS-1 cells were exposed to high glucose for 72 h. Silibinin partially attenuated GSIS following exposure to high glucose for either 24 or 72 h (both P<0.05). As shown by reverse transcription quantitative PCR, silibinin upregulated the mRNA expression of insulin secretion-related genes [insulin receptor substrate 2 (IRS-2), pancreatic and duodenal homeobox 1 (PDX-1) and insulin], but downregulated uncoupling protein-2 (UCP-2) expression. Silibinin inhibited intracellular lipid accumulation and free fatty acid (FFA) synthesis. Further experiments revealed that silibinin improved β cell function through the regulation of the Insig-1/SREBP-1c pathway. In conclusion, these results clearly suggest that the protection of β cells from glucotoxicity can be significantly enhanced through the regulation of the Insig-1/SREBP-1c pathway. Thus, silibinin may be a novel therapeutic agent for β cell dysfunction.
Introduction
Pancreatic β cell dysfunction, mainly caused by glucotoxicity, is an important factor leading to type 2 diabetes (1,2). High glucose-induced free fatty acid (FFA) synthesis leads to β cell apoptosis (3), impaired glucose-stimulated insulin secretion (GSIS) (4) and lipid accumulation (5) . In recent years, sterol regulatory element binding protein-1c (SREBP-1c), an important lipogenic transcription factor (6) , has been found to regulate genes involving insulin secretion (7) .
Insulin induced gene-1 (Insig-1) is a critical upstream regulatory factor of SREBP-1c. Insig-1 prevents the SREBP cleavage-activating protein (SCAP)/SREBP-1c complex to translocate from the Golgi apparatus to the endoplasmic reticulum (ER), subsequently decreases nuclear SREBP-1c (nSREBP1c) expression, and blocks the related gene transcription of SREBP-1c. It has been demonstrated that the upregulation of Insig-1 decreases SREBP-1c expression, thereby inhibiting lipid synthesis (8) . In our previous study, we demonstrated that the overexpression of Insig-1 leads to the inhibition of SREBP-1c expression and the subsequent improvement of β cell function (9) .
Silibinin is a flavonoid extracted from milk thistle (Silybum marianum), which has been used in the treatment of liver disorders for over 2,000 years. Recently, silibinin has been found to have antioxidant, anti-apoptotic and anti-inflammatory properties, to have interactions with steroid hormone receptors, and to be involved in the modulation of drug transporters. It has also been shown that silibinin is able to improve β cell function (10) .
A number of in vivo and in vitro studies have demonstrated the protective effects of silibinin on β cell function. A clinical study demonstrated that silibinin reduced the levels of fasting blood glucose, glycosylated hemoglobin, cholesterol, triglycerides and low-density lipoprotein in patients with type 2 diabetes (11) . In addition, silibinin decreases blood glucose levels in rats with type 1 diabetes induced by streptozotocin (STZ); however, no difference was observed in basal insulin secretion (12) . Soto et al found that silibinin improved the symptoms in alloxan-induced diabetic rats through anti-oxidative stress and increased insulin secretion through the upregulation of insulin and pancreatic and duodenal homeobox 1 (PDX-1) mRNA expression (13) . Silibinin has been shown to suppress interleukin (IL)-1β and interferon (IFN)-γ-induced nitric oxide (NO) production and ameliorate β cell dysfunction through the suppression of c-Jun NH 2 -terminal kinase (JNK)/signal transducer and activator of transcription (STAT) pathways (14) . Silibinin has also been shown to protect β cell damage induced by cyclosporine A and regulate the physiological level of autophagy by promoting sirtuin (Sirt)-1 expression (15, 16) .
A previous study revealed that silibinin upregulates the expression of Insig-1 in mouse 3T3-L1 pre-adipocytes (17) . In this study, we further explored the downstream effects of silibinin on the Insig-1/SREBP-1c pathway, which may be a novel target in the protection of β cells against glucotoxicity. The results clearly suggest that silibinin protects β cells from glucotoxicity through the regulation of the Insig-1/SREBP pathway. Cell culture. Rat insulinoma INS-1 cells were purchased from Bioleaf Biotech Co., Ltd. (Shanghai, China). The INS-1 cells were cultured in RPMI-1640 containing 11 mM glucose with 10 mM HEPES, 10% fetal bovine serum, 2 mM L-glutamine, 1 mM sodium pyruvate, 50 µM β-mercaptoethanol, 100 IU/ml penicillin and 100 IU/ml streptomycin and incubated at 37˚C in a 5% CO 2 atmosphere.
Materials and methods

Materials
Measurement of cell viability. The INS-1 cells were incubated with or without 30 µM silibinin in normal glucose (11.2 mM) or high glucose (25.0 mM) RPMI-1640 for 0, 24 or 72 h. Cell viability was measured using an MTT assay kit. Briefly, at different time points, 10 µl of MTT (5 mg/ml) were added to the culture medium in a 96-well plate and incubated at 37˚C for 4 h before 100 µl of formanzan was added to dissolve the MTT. After 3 h, the absorbance was measured at 570 nm.
Apoptosis assay by flow cytometry. After the INS-1 cells were incubated with or without 30 µM silibinin in normal glucose (11.2 mM) or high glucose (25.0 mM) RPMI-1640 for 0, 24 or 72 h, the cells were collected, washed with phosphate-buffered saline (PBS), resuspended in 200 µl of binding buffer containing 5 µl of Annexin V, and incubated in the dark for 10 min according to the manufacturer's instructions. The cells were then stained with 10 µl of PI, and the samples were immediately analyzed using a flow cytometer (Epics XL; Beckman Coulter, Brea, CA, USA).
Assessment of cell apoptosis by Hoechst 33258 staining.
For the Hoechst 33258 staining assay, the cells were washed twice with PBS, fixed with 4% paraformaldehyde for 30 min, and then washed 3 times with PBS. Hoechst 33258 (10 µg/ml) was added, and the cells were incubated in the dark at room temperature for 30 min before being washed with PBS. The nuclear morphology was observed under a fluorescence microscope (Olympus IX71; Olympus, Tokyo, Japan). The cells with condensed chromatin and shrunken nuclei were classified as apoptotic. One hundred nuclei from the control (untreated cells) and each group were counted, and the percentage of cleaved nuclei was calculated. 5 ) were seeded in 24-well cell culture plates containing RPMI-1640 medium with a normal or high glucose concentration for different periods of time. The cells were then washed twice with PBS and incubated in a 3 mM glucose KRBB solution (114 mM NaCl, 4.4 mM KCl, 1.28 mM CaC l2 , 1 mM MgSO 4 , 29.5 mM NaHCO 3 , 10 mM HEPES,3 mM glucose, and 0.1% bovine serum albumin, pH 7.4) at 37˚C for 1 h. After the supernatant was collected, 20 mM glucose KRBB were added to each well, the cells were incubated at 37˚C for 1 h, and the supernatant was collected. The insulin levels in the supernatant were measured using a rat insulin ELISA kit.
GSIS. The INS-1 cells (2x10
Reverse transcription quantitative PCR. Total RNA was extracted using TRIzol reagent. Subsequently, 1 µg of total RNA was used for the synthesis of cDNA using a reverse transcription kit according to the manufacturer's instructions. The SYBR-Green PCR assay (20 µl total volume) contained 10 µl of QuantiTect SYBR-Green PCR Master mix, 2 µl of cDNA, 1.2 µl of primer (10 µM) and 6.8 µl of RNase-free water. The primer sequences including insulin receptor substrate-2 (IRS-2), PDX-1 and uncoupling protein-2 (UCP-2) and PCR conditions were the same as those used in our previous study (9) . The PCR was performed on a Mastercycler ® ep realplex real-time PCR (Eppendorf, Hamburg, Germany). Relative differences in gene expression between groups were determined using the 2 -ΔΔCT method.
Western blot analysis. The total protein and nuclear protein was extracted from the cells according to the manufacturer's instructions. The protein concentration was determined using a BCA assay. Proteins (50 µg) were separated in 8-10% criterion precast gels and 5% polyacrylamide gels and transferred onto polyvinylidene fluoride membranes. After blocking for 1 h, the membranes were incubated with primary antibodies against Insig-1 (sc-51103, 1:200), SREBP-1 (sc-8984,1:300), or GAPDH (sc-47724,1:800) overnight at 4˚C, followed by incubation with horseradish peroxidase (HRP)-conjugated secondary antibodies. GAPDH served as a loading control on the same membrane. Peroxidase activity was visualized using the ECL kit. The membranes were scanned and analyzed using Scion Image software (Scion Corp., Frederick, MD, USA). After staining, the lipid droplets were observed and photographed under a microscope (TE2000-E; Nikon, Tokyo, Japan). The cell culture supernatant was collected, and the FFA concentration was measured using an ELISA kit according to the manufacturer's instructions.
Statistical analysis.
The results are all presented as the means ± standard error (SE). Statistically significant differences between two groups was determined using the Student's t-test. Groups of 3 or more were analyzed by one-way analysis of variance. Differences were considered to be statistically significant at P<0.05. (Fig. 1A) . We then examined the apoptotic rate of the INS-1 cells using both Annexin V/PI double staining and Hoechst 33258 staining. Treatment of the cells with high glucose or high glucose and silibinin for 72 h resulted in the apoptosis of the INS-1 cells, as determined by flow cytometry. However, the number of apoptotic cells were significantly reduced in the high glucose and silibinin group compared to the high glucose group (P<0.05) (Fig. 1B) . Hoechst 33258 staining revealed that the apoptotic cells had condensed nuclei and DNA fragmentation, and silibinin decreased the percentage of apoptotic cells at both the 24 and 72 h intervals compared to the high glucose group (P<0.05) (data from normal glucose without silibinin for 24 and 72 h are not shown; Fig. 1C ).
Results
Silibinin protects against high glucose-induced apoptosis in
Silibinin improves INS-1 cell viability under high glucose
conditions. We used an MTT assay to determine whether silibinin protects the cells from the high glucose-induced decrease in cell viability. In the cells cultured in medium containing high glucose (25.0 mM), significant cell death was observed after 72 h; however, this was attenuated in the presence of 30 µM silibinin (P<0.05). The cells incubated in culture medium containing a normal glucose concentration (11.2 mM) did not show any obvious decrease in cell viability (P>0.05) (Fig. 2) . (Fig. 3) .
Silibinin improves insulin secretion
Silibinin regulates the mRNA expression of Insig-1/SREBP-1c and insulin secretion-related genes.
Subsequently, we examined the expression of genes related to the Insig-1/SREBP-1c signaling pathway and insulin secretion. The INS-1 cells were incubated in medium containing normal or high glucose concentrations for 72 h with or without silibinin. The mRNA expression of Insig-1, SREBP-1c and fatty acid synthetase (FAS) was significantly increased following exposure to high glucose for 72 h (P<0.05, <0.05 and <0.01, respectively) ( Fig. 4A-C) . Silibinin further upregulated Insig-1 mRNA expression but downregulated SREBP-1c (P<0.05) and FAS mRNA expression (P<0.01). Similar results were observed for the expression of insulin-related genes. High glucose induced the downregulation of IRS-2, PDX-1 and insulin genes and the upregulation of UCP-2 (P<0.01 for all). Silibinin reversed the effects caused by high glucose, markedly upregulating IRS-2, PDX-1 and insulin mRNA expression and downregulating UCP-2 mRNA expression under high glucose conditions (P<0.05 for all). By contrast, no difference in the mRNA expression of these genes was observed when the INS-1 cells were incubated under normal glucose conditions for 72 h (Fig. 4D-G) .
Silibinin inhibits lipid droplet accumulation and FFA synthesis.
To further explore whether silibinin inhibits lipid synthesis induced by high glucose, we used Oil Red O staining to detect intracellular lipid accumulation and the FFA concentration in the culture medium. The lipid droplets were stained bright red, and silibinin did not affect lipid accumulation under normal glucose conditions for 24 or 72 h (P>0.05). However, silibinin significantly reduced lipid accumulation induced by culture under high glucose conditions for both 24 and 72 h (P<0.05) (data of normal glucose without silibinin for 24 and 72 h are not shown; Fig. 5A ). Similar results were observed for the FFA concentration; silibinin decreased FFA synthesis compared to cells cultured under high glucose conditions for 24 and 72 h (P<0.01) (Fig. 5B) . (Fig. 6A and B) . The expression of SREBP-1c was significantly upregulated after the cells were treated with high glucose or high glucose plus silibinin for 72 h compared to the normal glucose group; however, in the high glucose plus silibinin group, the expression was lower than that in the high glucose group at 72 h. In addition, there was no significant difference between the other groups and the normal glucose group (Fig. 6C) . 
Silibinin regulation of the Insig-1/SREBP-1c pathway in INS-
Discussion
In previous studies, some compounds have been confirmed to upregulate Insig-1 expression, including the novel hypocholesterolemic agent, LY295427, and the PPARγ agonist, rosiglitazone, which both bind the Insig-1 promoter and upregulate Insig-1 expression, thereby reducing lipogenesis in the liver and white adipose tissue (18, 19) . Sirolimus inhibits endogenous cholesterol synthesis through the upregulation of Insig-1, Insig-2 and SREBP-1 expression in human vascular smooth muscle cells (20) . Recently, Ka et al (17) observed that silibinin upregulated Insig-1 and Insig-2 expression at an early phase during differentiation of 3T3-L1 preadipocytes to adipocytes. In their study, 30 µM silibinin almost completely inhibited lipid synthesis as well as certain important lipid metabolism factors, including SREBP-1c, FAS, and the adipocyte-specific lipid binding protein (aP2). These results indicated that silibinin may function through the upregulation of Insig-1 and Insig-2 expression, thereby inhibiting SREBP-1c transcription and finally leading to a decrease in lipid synthesis (17) . In addition, Ka et al found that increasing the silibinin concentration did not result in increased apoptosis in 3T3-L1 cells. We also found that 10-100 µM silibinin did not induce the apoptosis of INS-1 cells (data not shown). Thus, it is likely that silibinin has a low toxicity. Furthermore, Nassuato et al reported that silibinin inhibited 3-hydroxymethyl-3-methylglutaryl coenzyme A (HMG-CoA) reductase, a key enzyme of cholesterol synthesis and an important downstream factor of the Insig-1/ SREBP pathway, in a dose-dependent manner (21) .
In our previous study, we demonstrated that the overexpression of Insig-1 protects β cell function against glucotoxicity, including a decrease in lipid synthesis, an increase in insulin secretion and a decrease in apoptosis (9) . In this study, we further explored whether silibinin upregulates the Insig-1/SREBP-1c pathway to protect β cells against glucotoxicity. Several mechanisms of high glucose-induced apoptosis in β cells have been implicated, including ceramide formation (22, 23) , oxidative stress (24, 25) , inflammation (26) and ER stress (27) (28) (29) . In this study, silibinin significantly improved cell viability and decreased cell apoptosis under high glucose conditions. Our previous study suggested that the overexpression of Insig-1 protects β cells through the regulation of the IRE1α pathway of ER-stress (9), possibly the same pathway through which silibinin protects β cell function, as demonstrated in the current study.
A clinical in vivo study revealed that silibinin promotes insulin secretion and reduces blood glucose levels (11) . Similarly, our results also indicated that silibinin partially improved insulin secretion under high glucose conditions without affecting the basal insulin secretion observed under normal glucose conditions. Subsequently, we further explored the molecular mechanisms of promoting insulin secretion in β cells. SREBP-1c is an important nuclear transcription factor and plays a key role in the regulation of insulin secretion; both in vivo and in vitro studies have demonstrated that the overexpression of SREBP-1c impairs insulin secre- tion (30) . SREBP-1c suppresses IRS-2 activity through direct binding to the IRS-2 promoter, which may contribute to the GSIS of β cells (31) . PDX-1 is a crucial transcription factor in the regulation of insulin secretion. In addition, the overexpression of SREBP-1c suppresses PDX-1 expression both in vivo and in vitro. However, PDX-1 is upregulated when SREBP-1c is knocked down in islet cells (32) ; UCP-2 may be a negative regulator of cytoplasmic adenosine triphosphate (ATP)/adenosine diphosphate (ADP), which is a key signaling molecule in GSIS. SREBP-1c stimulates UCP-2 expression in β cells under a high nutrition state (33) . In our study, Insig-1 expression was upregulated following culture under high glucose conditions for 72 h. By contrast, SREBP-1c expression was downregulated, and the insulin secretion-related genes, IRS-2, PDX-1 and insulin, were upregulated but UCP-2 was downregulated. Thus, silibinin may upregulate Insig-1, subsequently suppressing SREBP-1c expression, further inhibiting the transcription of insulin secretion-related genes.
Sandberg et al demonstrated that high glucose-induced lipogenesis in β cells is regulated by SREBP-1 (34). Li et al found that both Insig-1 and SREBP-1c were upregulated during the differentiation of 3T3-L1 cells (35) . In this study, we also proved that Insig-1 and SREBP-1c were upregulated with lipid accumulation. However, silibinin significantly decreased intracellular lipid accumulation and FFA synthesis. We further explored the protein expression following treatment with silibinin. Silibinin upregulated the Insig-1 protein level after the cells were exposed to high glucose conditions for 24 and 72 h. However, the SREBP-1c protein level was only downregulated at 72 h. Further studies are required to fully elucidate the mechanisms through which silibinin upregulated Insig-1 expression.
In conclusion, we found that silibinin ameliorated β cell dysfunction through the regulation of the Insig-1/SREBP-1c pathway, including blocking β cell apoptosis and increasing cell viability, improving insulin secretion and inhibiting lipid synthesis. Investigation of the molecular mechanisms revealed that silibinin may upregulate Insig-1 expression and downregulate SREBP-1c transcription, both of which regulate the expression of downstream insulin secretion-related genes and lipid synthesis, further increasing insulin secretion and decreasing lipid production. Thus, silibinin may be a novel therapeutic agent for β cell dysfunction. 
